We describe a series of 'Nb NMR studies of the charge-density-wave (CDW) conductor NbSe3.
motional narrowing of the CDW-broadened line, and the saturation of the resonance, which indicate bulk motion of the CDW above the conduction threshold. These studies will be described in Sec. V. In addition, NMR with small current pulses allows us to characterize the dielectric displacement of the CDW, as described in Sec. VI.
II. SAMPLES
Samples were prepared from crystals grown in our laboratory. The NbSe3 crystal growth is described by Suits and Slichter, ' and followed the standard technique. "
Our crystals can be characterized by the conduction thresholds, typically 100 mV/cm in the highertemperature CDW regime and 10 mV/cm in the lowertemperature CDW regime, comparable to those of highquality crystals reported in the literature.
For NMR studies with no current flow, an aligned sample was prepared containing roughly 300 crystals. The crystals are fastened between cover glass slides and adhesive tape, so that they remain electrically isolated from each other, to minimize eddy currents. In the sample the crystals are aligned so that the long crystal axes are all parallel, and the flat facets of the ribbonlike crystals are also parallel. From the NMR spectra we could detect a distribution in the crystal orientations corresponding to twists about the long axis, with a width of roughly 5'. On the other hand, the long axes were much more precisely aligned, and no distribution could be detected in our experiments.
The crystal shape reflects the interchain bonding, which is much stronger along c than perpendicular to c (see Fig. 1 ). Thus, the flat ribbon facets contain the c axis, while b lies along the long axes of the crystals. By orienting the crystals as described above, the b and c axes were all aligned, but there are two possible orientations for the a axis among the different crystals. Thus, in general, two sets of spectra per site were observed. With the magnetic field oriented in the b-c plane, though, the symmetry is such that the two orientations give equivalent spectra.
For current-flow NMR studies, a NbSe3 sample was constructed containing 30 crystals, from one growth batch. The crystals were mounted on a piece of copperclad glass-fiber-epoxy printed circuit board, etched to leave two copper lines on opposite edges for electrical contacts. The distance between contacts is 1 cm, and the crystals are connected in parallel.
In the current-flow sample the crystals are aligned only on the long (b) axis, and our studies were confined to the sample orientation with the magnetic field along b, for which the a-and c-axis orientations are irrelevant. This Fig. 5(b Fig. 7 , the pulse separation was 150 ps. The sample voltage was applied only for the duration of the echo sequence; it was turned on 10 ps prior to the 90' pulse, and turned off after observing the echo. In this manner, saturation effects (described below) are avoided. The sample current was measured by observing the voltage across a series resistor external to the NMR probe. This external resistor was larger than the sample resistance, making the supply effectively a constant-current source. The sample voltage is extracted from the measured current using the separately measured I-V curve.
We have followed the line narrowing versus sample voltage by measuring the echo shape. The results are plotted in Fig. 7(b Since the CDW is a periodic distortion, CDW motion will produce periodic changes in the NMR frequencies, not random changes, as in the liquid case. Strict periodic motion will transform the NMR line into a fundamental with associated sidebands. The fundamental will be observed at the time-averaged NMR precession frequency, and the sidebands will be spaced by the CDW motion frequency. This is the same phenomenon observed in FM modulation in radio. Kogoj et al. have numerically examined such spectra in the perfect uniform CDW motion limit, and also in the limit of strong discommensuration motion. In the latter case, the spectra become rich in structure, with many juxtaposed narrow lines. This structure, though, could easily be obscured by a small amount of broadening from other sources. In addition, macroscopic variations in CDW velocity will broaden the sideband structures, and may also thus obscure the lineshape structure.
We see no evidence for sideband structure in our sarnple. We note, though, that the dipolar broadening represents a sizable fraction (about -, ') Thus if the CDW exhibits a "jerky" motion as described above, it will spend much of its time at a given local phase, mod 2~, fixed by the local pinning centers. In this case, the integral in (4) will be heavily weighted by the stationary time periods, and the signal will difFer very little from the static signal, even though the average CDW-motion frequency may exceed the classical narrowing criterion. This result relies on the fact that the NMR frequency is periodic in the CDW phase. On the other hand, if the CDW motion goes over to a smooth phase advance, narrowing will be seen in the usual sense.
In our model, then, the CDW motional narrowing occurs when the CDW motion goes over from a jerky type of motion to a smooth motion at voltages far exceeding the conduction threshold. This interpretation agrees with both the motional-narrowing results and the saturation results, described below. We assume that the phase advance at low motion speeds requires a time T h, perhaps limited by dissipation in the normal electrons, but at high motion speed the phase cannot adjust, and advances smoothly. The crossover will be at an average CDW-motion frequency of 1/T h. We observe narrowing at an approximate motion frequency of 10 MHz, which implies that T h =0.1 JMs.
from the above value. The exact calculation has not been performed for the NbSe3 lattice, but it seems that mutual spin flips due to the static J coupling give a reasonable accounting for the observed decay function.
In measurements taken with the moving CDW, Tz is consistently shorter than in the static case. This persists to the highest voltage applied, 2.0 V/cm, at which the narrow-band-noise fundamental peak is observed at 80 MHz. Figure 8 shows the data. These data were measured using the same technique as above; the rf-pulse separation was varied, and the echo amplitude recorded. The sample current was switched on 100 ps prior to the first pulse, and kept on until after the echo was recorded. The sequence was repeated at 30-ms intervals and signalaveraged.
All the data of Fig. 8 were obtained using the same sample. The static decay function (dashed curve} is shown fitted to the data obtained with no current. With applied voltages of 0.55, 0.72, and 2.00 V/cm, at which significant line narrowing was observed, the decay is much faster. Also apparent is that the applied-current data represent a signal equal or nearly equal in amplitude to the static signal, when corrected for the relaxation. The solid curve, which represents an exponential decay with Tz =250 IMs, is included to indicate the approximate time scale for the motion-induced relaxation.
Since the amplitude of the echo, extrapolated to zero delay between pulses, is proportional to the number of resonant spins observed, it is apparent that the motionally narrowed signal represents all or most of the spins observed with no applied current. We can say that at least half of the sample is observed in the motionally narrowed signal. This rules out any model in which only small sections of the CDW are actually in motion, showing instead that the CDW motion involves the entire crystal.
B. T~measurements
Due to signal-to-noise limitations, spin-echo Tz measurements were limited to a few points, but clearly indicate that the Tz is much reduced with large current flows.
The Tz is measured by observing the decay of the spin-echo amplitude versus the delay between pulses. The echo refocuses static field inhomogeneities, but decay can be due to (i} mutual spin flips caused by the dipolar or pseudodipolar interactions, (ii) T, -type spin-flip processes, or (iii) motions which change the spin evolution. As another manifestation of the moving charge-density wave, we have observed a saturation of the NMR signal induced by the application of a steady current to the sample. Figure 9 demonstrates the effect. Plotted are the equilibrium NMR signal versus the sample bias, all measured at 77 K. Usually, a NMR sample will give an equilibrium signal determined only by the number of spins and the temperature (through the Boltzmann population function). The change in equilibrium signal observed here indicates that the CDW current can drive the spin populations out of equilibrium by inducing spin flips.
These measurements
were performed by signalaveraging repetitive spin echoes, as before, but this time a steady current was turned on only during the waiting time between echoes. The current was turned off during the time required to measure the echo; this simplifies the analysis by avoiding current-induced line shape and T2
changes. Each echo experiment destroys the magnetization, so by observing the signals for different waiting times, the saturation-recovery properties can be measured.
The inset to Fig. 9 In order to understand the efFect of CDW displacements on the spin echo, we examine the line shape at the yellow site (Fig. 4) The observed decay was fitted numerically by an echosimulation routine, using a plane-wave CDW model and a simple line-shape fit with no higher harmonics, as described in Sec. IV. In this fit it was assumed that the phase difference between line-shape maxima was 180'. While our NMR measurements do not measure this phase difference directly, it seems highly unlikely that this value would be other than 180' or 90', but there remains a factor of 2 uncertainty.
The curves in Fig. 10 
